SUMMARY : Toluene-treated washed suspensions of rumen bacteria break down proteins largely to amino acids ; in the absence of toluene bacterial deaminases are active. Unlike the deaminases, the presence of proteases does not depend, to any great extent, on the presence of readily attacked protein in the diet of the host animal. Extracts of acetone-dried powders of the bacteria also show proteolytic activity. Rumen protozoa are also proteolytic, and ammonia appears to be the end product of their nitrogen metabolism. Ammonia production due to the protozoa is not as sensitive to toluene as is the case with bacteria. Much of the ammonia production in the rumen in the absence of substrate appears to be due to the endogenous metabolism of the protozoa. Extracts of acetone powders, and extracts prepared by simple freezing and thawing of the protozoa, contain active proteases.
From a t least the time of Zuntz (1891), it has been suspected that microorganisms of the rumen split the proteins fed to the host animal; there has been, however, little unequivocal direct evidence for this proteolytic activity. Schlottke (1936) showed in vitro that glycerol extracts of rumen protozoa contained a protease active a t pH c. 6.1, and also a dipeptidase, but was unable to find much activity in glycerol extracts of rumen bacteria. However, Sym (1938) showed active proteolysis a t pH 6.3 by suspensions of rumen bacteria and of protozoa, and also by extracts of acetone powders of these microorganisms; he found peptidase activity weak in his preparations. Both these authors found little or no free protease in the supernatant rumen liquor. Nikitin (1939) and Pearson & Smith (1943) demonstrated proteolysis by rumen micro-organisms in vitro. Indirect in vivo evidence that food protein is converted into microbial protein, with the presumption of intermediate proteolysis, was given by McDonald (1954) who reviewed the earlier evidence.
The concentration of free amino acids in the rumen is at all times low (Chalmers & Synge, 1954b) , but breakdown products of the amino acids, ammonia (McDonald, 1948 (McDonald, , 1952 ) and volatile fatty acids (el-Shazly, 1952a) are found in high concentration when the diet of the animal contains adequate and suitable protein. Both the prior treatment and the nature of the protein affect the amount of breakdown products found. Chalmers, Cuthbertson & ( 1 9 5 2~) showed that the ammonia production from several other proteins, including those from hay, concentrates and maize gluten meal, was very much less. The volatile fatty acid production from some of these foodstuffs corresponded roughly to the ammonia production (el-Shazly, 1952 a ; Annison, 1954) .
It was the aim of the work described in this paper to obtain more detailed information concerning proteolysis and associated problems in the rumen, using in vitro techniques to avoid difficulties due to the continuous influx of soluble nitrogenous compounds in the saliva (McDougall, 1948) , and the continuous passage of soluble nitrogenous compounds across the rumen wall (McDonald, 1948) and of soluble and insoluble cornpounds further down the intestinal tract.
METHODS

Animals.
Cheviot ewes or wethers with rumen fistulas were used. Except where otherwise mentioned, the diet was 300 g. hay, 300 g. groundnut meal, 300 g. flaked maize, fed in two portions at 07.30 and 19.30 hr. Samples of rumen liquor were removed, usually a t 07.00 hr., and strained through eight thicknesses of surgical gauze.
3lateriaZs. Groundnut meal, herring meal, Paisley meal and casein were as described by Anriison et 01. (1954), starch and cellulose as described by Warner (1956) . Ardein was a spray-dried groundnut protein (Imperial Chemical Industries Ltd., Nobel House, Stevenston); solutions of it were prepared by shaking with that volume of c. 0.2 N-NaOH which, when diluted to the required volume, would be c. 0.05 N. Solutions of casein were made in a similar way, but neutralized with ic-H3P04 before making to volume. Groundnut meals I, 11, I11 and IV were four samples that had been subjected to increasing degrees OF heat treatment and were made available by the Research Department of J. Bibby and Sons Ltd., Liverpool. Casein hydrolysate was Allen and Hanburys bacteriological product. Phosphate facetate buffer was prepared by mixing 0.1 N-acetic acid with 0-2 M-Na2HP04 to the desired pH value. Ferrous sulphate solution was freshly prepared 1 yo (w/v) Apparatus. The artificial rumen aparatus described by Warner (1956) was used, with mineral solution I1 outside the dialysing sac.
RESULTS
Experimezzts usirzg washed suspensions of rumen micro-organisms
Preliminary work, in large part repeating and confirming that of Sym (1938), showed that washed suspensions of the total microbial population of the rumen were actively proteolytic; toluene had little if any effect on this activity.
Sodium sulphide (0-3 yo, w/v; Elsden & Lewis, 1953) either in the fluid used for washing the cells or in that used to suspend them for testing, had no effect on proteolysis ; apparently the proteolytic enzymes were relatively stable to aerobic conditions. However, ferrous ion and cysteine (Weil & Kocholaty, 1937) did stimulate proteolysis. About half the proteolytic activity of the micro-organisms taken from the rumen of a sheep on the high protein diet generally used in these experiments (which supports large numbers of protozoa, 106/ml. rumen liquor or more) was due to the protozoa, and about half due to the bacteria. The optimum pH of the bacterial proteolysis was between 6.5 and 7.0. The most active bacterial preparations were obtained 6-10 hr. after feeding the host animal.
The nitrogen partition in the products of proteolysis by toluene-treated rumen bacteria is shown in Table 1 . All the casein and just under half the ardein was digested in 46 hr.; this faster rate of attack on casein as compared with ardein was noted in several experiments with different amounts of substrate and other preparations of groundnut meal protein, and is in contrast to the nearly equal rate of attack in the rumen or by whole rumen liquor in vitro (Warner, 1956) where crude groundnut meal was used; no explanation can be offered for this discrepancy. When digestion neared completion, about half the non-protein nitrogen which appeared was in the form of free amino acids (carboxyl-N). The figures are consistent with proteolysis proceeding in the usual way through peptides of decreasing complexity to amino acids. The amount of ammonia produced, as always in the presence of toluene, formed a small proportion only of the products of digestion, of the same order of magnitude as the amide-nitrogen of the protein; this is to be compared with experiments reported below with whole rumen liquor in the artificial rumen apparatus, where ammonia forms a much larger proportion of the proteolysis products. Ferrous ion and cysteine appear to stimulate all stages of proteolysis down to free amino acids.
The nature of the diet had little influence on the proteolytic activity of the Proteolysis by rumen micro-organisms 753
rumen bacteria. Table 2 shows that the rumen bacteria from a sheep fed 800 g. hay only/day were as active as those from a sheep fed the usual groundnut meal +flaked maize + hay ration; similar results were obtained wit,h the rumen bacteria from sheep fed hay and concentrates supplemented with Paisley meal or herring meal. This independence of the proteolytic activity of the bacteria on the presence of readily attacked protein in the diet is in contrast to the dependence of deaminase activity as found by el-Shady (19523). The four groundnut meals (subjected to increasing degrees of heat treatment; supplied by J. Bibby and Sons Ltd.) were tested for their in vitro digestibility, with results as shown in Table 3 . That fraction of the nitrogen of these groundnut meals which was extractable with 0-05 N-NaOH was attacked by rumen bacteria to very much the same extent ; ardein was however attacked more readily than these extracts. The digestibility of the powdered meals suspended in rumen liquor freed from protozoa, in the presence of toluene, was quite small, only about 10 yo of the iriitial ' substrate '-nitrogen disappearing in the most readily attacked specimen. Thus, increasing degrees of heat treatment decreased the solubility in both dilute alkali and in salt solutions, and also decreased the susceptibility to proteolysis, in much the same way as heat treatment decreased the ammonia production from casein in the rumen in vizw in the experiments of Chalmers et al. (1954) .
Experiments with the artijicial rumen apparatus Warner (1956) showed that casein was digested in an artificial runien apparatus at a rate of about 0-3 g. N/1. rumen liquor/hr. as measured by the time a t which the excess ammonia production due to casein ceased. A t the completion of digestion, 152.5 m-equiv. N/lOO ml. of casein produced, in eleven experiments, 6-5 & 0.9 ni-equiv. ammonia/100 ml. (range 5.2-8.0) and 6.5 & 1.1 m-equiv. volatile fatty acid/100 ml. (range 5*0-8.1), allowing for blanks in each case. That is, about half the added casein-N was recovered as ammonia-N ; since the excess of non-protein nitrogen over ammonia-N was little greater a t the end of the experimental period than at the beginning, it is presumed that much of the rcmaining half of the casein-N was utilized for microbial growth. The carbon chain of the amino acids was apparently also utilized for growth, otherwise there would have been a marked excess of volatile fatty acid over ammonia, but the figures do not distinguish between use as energy source with production of CO,, and use as cell material.
Starch has been shown to lower ammonia production by rumen microorganisms in vitro as in viva (Warner, 1956 ). This effect, as Table 4 shows, is shared by other polysaccharicles and polysaccharide-rich foodstuffs. It does not appear to be due to any inhibition of proteolysis, as in these experiments rapid ammonia production from casein ceased at approximately the same time in the presence and in the absence of polysaccharide, nor does it appear to be due to any effect on deamination, since Table 5 shows that amino acids placed in the artificial rumen disappeared, if anything, more rapidly in the presence than in the absence of starch, with a lower production of ammonia. The remaining possibility, that the effect is due to increased utilization by the rumen micro-organisms of some breakdown product of the protein, has been commonly accepted to explain the analogous in viva findings, but direct evidence has been difficult to obtain. No significant increase in numbers of either protozoa, sdenomonads or bacteria (counted by methods of Warner, 1956) , was found over a period of 7 hr. in an artificial rumen containing starch and casein as compared with one containing casein alone.
When using in the artificial rumen an inoculum of rumen liquor taken from a sheep fed hay alone, instead of from one fed the standard groundnut meal diet, several effects were noted (Table 6 ). The continuing production of ammonia in the absence of added substrate was lower, that of volatile fatty acid very The experiment using rumen liquor from a sheep fed the standard groundnut meal diet is the same as that reported in Table 4 of Warner (1956) , where 1.8 Yo starch and 1.0 yo casein were added and incubation continued for 9 hr. In the experiment using rumen liquor from a sheep fed 900 g. hay/dap, 3.2 yo starch and 1.2 yo casein were added and incubated for 8 hr.
Substrate in artificial rumen
Diet of sheep Groundnut meal 
A . C . I . Warner
much lower, with the rumen liquor from the hay-fed sheep. Ammonia formed a much smaller proportion of the non-protein nitrogen produced from casein, though this latter figure was only slightly altered. This is consistent with the high proteolytic activity of the bacteria from the rumen of a hay-fed sheep reported above and el-Shazly's (19524 finding that their deaminating power was markedly decreased. Further examination of rumen liquor from a hay-fed sheep digesting casein in the artificial rumen apparatus showed that the concentration of free amino acids (carboxyl nitrogen) was little higher than was found when using rumen liquor from sheep fed the standard groundnut meal diet, i.e. up to about 10 mg. N/lOO ml.; but amino nitrogen was found at a concentration roughly equal to the ammonia nitrogen, suggesting that perhaps peptidase activity was also somewhat diminished. It is of interest that Sym (1938), using rumen liquor obtained from the slaughter-house from animals of unknown dietary history, found peptidase activity to be weak. Warner (1956) noted the dependence of the rate of starch digestion on the diet; it should also be noted that the ratio starch digested : volatile fatty acid produced (see Table 6 ) was higher with rumen liquor from the hay-fed sheep, though it is uncertain whether this was due to a lowered overall rate of digestion with a higher proportion of intermediate products (e.g. dextrins, etc.) or to the existence of alternative roittes of metabolism, such as to lactic acid. When rumen liquor was centrifuged to remove protozoa, the rate of proteolysis and the rates of production of ammonia and volatile fatty acid in the absence of added substrate were all decreased, as shown in Table 7 . However, the most marked decrease, whether the sheep supplying the rumen liquor inoculum was fed hay only or the standard groundnut meal diet, was in the rate of production of ammonia in the absence of added substrate. Since the rumen liquor inocula were removed from the animals 12 hr. after feeding, by which time one would expect ammonia production from the ration to have ceased, and since in any case ammonia production from hay alone was negligible in vitro, it is thought that this ammonia production in the absence of added substrate was not due to residual food particles but to the activity of the protozoa, presumably as the end product of their endogenous nitrogen metabolism. The lower rate of production of ammonia in the absence of added substrate in the rumen liquor from the hay-fed sheep is consistent with the much smaller number of protozoa present (though the numbers of holotrich protozoa were similar in the hay-fed and the groundnut meal-fed sheep, the oligotrich protozoa, mostly Entodinia spp., were about one-tenth as numerous in the hayfed sheep). Similar conclusions in the case of the volatile fatty acid cannot so safely be drawn, as there would still be much undigested polysaccharide material in the rumen 12 hr. after feeding that would be capable of producing volatile fatty acid and would be a t least partially removed by centrifugation. Schlottke (1936) prepared from rumen micro-organisms cell-free glycerol extracts which showed considerable proteolytic activity; he did not, however, give details of technique for preparing the extracts; attempts to repeat his work were unsuccessful. However, the technique given by Sym (1938) for preparing cell-free extracts of acetone powders of rumen micro-organisms proved readily repeatable. Active proteolysis was obtained with simple acetonedried powders of holotrich protozoa, oligotrich protozoa, selenomonads and bacteria from hay-fed sheep and from groundnut meal-fed sheep, by extracting with water or dilute slightly alkaline buffer. (The separation of the various fractions of rumen micro-organism, done by diirerential centrifugation, was not complete so that unequivocal proof of proteolytic activity by the larger micro-organisms is lacking.) When these extracts were dialysed first against tap water, then against distilled water, freeze-dried and, as needed, re-dissolved, little activity was lost. No stimulation by ferrous ion or cysteine or a mixture of both was noted, in contrast with the washed suspensions as reported above. Similarly, there was no stimulation by calcium ion or inhibition by citrate as found with extracts of other proteolytic micro-organisms by Gorini (1 950).
Experiments with cell-free enzyme preparations
Comparison of preparations of rumen micro-organisms
The various preparations described above, and some others, were compared using as source of organisms one sample of rumen liquor obtained from a sheep fed the standard groundnut meal diet. Preparations were made as follows:
(1) Whole rumen liquor in the artificial rumen apparatus of Warner (1956).
(2) Whole rumen liquor incubated under a 1 in. layer of liquid paraffin to secure anaerobiosis, following el-Shazly (1952 6 ) .
(3) The clear supernatant obtained by centrifuging the rumen liquor a t 4900 r.p.m. a t 2" for 90 min., incubated under toluene.
(4) The deposit obtained from the above centrifugation was re-suspended in the acetate buffer of Heald & Oxford (1953) , centrifuged a t 700 r.p.m. at 2" for 10 min. and this process repeated three times. Then a suspension was made in a volume of buffer approximately equal to the volume of the original sample of rumen liquor. Microscopical examination showed mainly protozoa with only a small number of selenomonads and some bacteria. This suspension was tested under a layer of toluene and also in a closed vessel through which a slow current of nitrogen containing 51 yo carbon dioxide (British Oxygen Co. Ltd.) was passing.
( 5 ) The supernatant fluids obtained in the centrifugations of section 4 were centrifuged a t 4500 r.p.m. a t 2' for 90 min. the deposit washed twice and suspended in acetate buiTer. Microscopical examination showed bacteria and selenomonads with hardly any protozoa. This suspension was also incubated under toluene and in an atmosphere of nitrogen +carbon dioxide.
(6) To samples of the protozoa-rich fraction and of the bacteria-rich fraction obtained above, about 4 vol. of acetone a t -20" were added; after standing a few minutes the suspensions were filtered and the deposits washed with acetone, acetone + ether and ether, all a t about -10". and allowed to dry. These acetone powders were then extracted twice with c. 0.001 M-Na,HPO,, the centrifuged extracts dialysed against running tap water overnight and against three changes of distilled water for 2 hr. each, and then freeze-dried. The resulting powder was suspended in a volume of phosphate + acetate buffer pH 6.5, corresponding to about hLalf the volume of the original washed suspension or the original rumen liquor, and centrifuged, the clear supernatant fluid being tested under a layer of toluene.
(7) Further samples of both niicrobial fractions were frozen a t -20" overnight, allowed to thaw to room temperature, frozen again for a few hours and thawed again. The material was then centrifuged and the supernatant fluid dialysed, freeze-dried and taken up in buffer as above, testing for activity under toluene. These suspensions and extracts were then tested for proteolytic activity against casein, with results as shown in Tables 8 and 9 . From examination of the non-protein nitrogen figures in Table 8 , it seems probable that the higher value for the rumen liquor under parafin as compared with the artificial rumen was due to better utilization of the products of proteolysis by the microorganisms under the more physiological conditions of the artificial rumen ; it should be noted that the excess of non-protein nitrogen over ammonia-N largely disappeared on continuing incubation until digestion was complete. The sum of the activities of the bacterial fraction and the protozoal fraction (incubated under nitrogen) and of the supernatant fluid was approximately equal to the activity of the whole rumen liquor incubated under paraffin. Toluene caused some inhibition of the bacterial fraction, though not of the protozoal fraction, as compared with the activity under nitrogen. This inhibition was rather more than had been found in previous experiments, but it largely disappeared when Table 9 . Comparison of cell-free extracts Extracts were prepared as described in the text from the bacterial and protozoal fractions used in Table 8 . They were incubated under toluene a t 39" with casein a t a final concentration of 0.8 9. ; (1 10 mg. N/100 ml.) for the times indicated.
Period of incubation (hr.) incubation was continued for 24 hr. Ammonia production appeared to be more sensitive to unphysiological conditions than was the production of non-protein nitrogen, and toluene abolished almost completely the ammonia production due to bacteria, though it had a much smaller effect on that due to protozoa. In the preparation of the cell-free extracts, activity was considerably decreased, particularly with the bacterial fraction. The frozen and thawed preparation would seem to be one where much active material could be extracted from the protozoa, and only a very little from the bacteria; this is consistent with the known susceptibility of these types of micro-organism to lysis by this method.
DISCUSSION
There is good reason to believe that proteolysis in the rumen takes place in the usual way, through peptides of decreasing chain length to free amino acids which are then deaminated to ammonia. Toluene-treated washed suspensions of rumen bacteria, by permitting free amino acids to accumulate in considerable quantity, showed this sequence particularly well. In the artificial rumen, and hence, since Warner (1956) showed that this artificial rumen allowed many true rumen activities to occur normally, probably if2 vivo also, about half the nitrogen of added casein was recoverable as ammonia, and it is presumed that the remaining half was utilized for microbial growth, though whether or to what extent peptides, free amino acids or ammonia were so utilized is unknown. Direct counts of several groups of micro-organisms showed that microbial growth occurred in the artificial rumen (Warner, 1956) .
At least half the proteolytic activity appears to be due to the bacteria of the rumen. The activity of washed suspensions of rumen bacteria was stimulated by ferrous ion and cysteine, resembling in this respect the anaerobic clostridia (Weil, Kocholaty & Smith, 198; 9) , though this stimulation did not seem to occur with cell-free extracts of the bacteria. Identification of proteolytic bacteria from the rumen is incomplete. Van der Wath (1948) inserted casein into the rumen enclosed in a silk bag, and after incubation noted increased concentrations of Gram-positive cocco-hacilli, bacilli and large cocci in association with the protein; the present writer has confirmed this observation. Gutierrez (1953) isolated in pure culture proteolytic Gram-positive bacteria, and Bryant & Burkey (1953 a, b) isolated pi-oteolytic Gram-positive and weakly proteolytic Gram-negative bacteria from the rumen. Appleby (1955) isolated several proteolytic Bacillus spp., and, in lesser numbers, other proteolytic bacteria from the rumen contents of the sheep (fed the standard groundnut meal diet), which was used by the present author.
Demonstration of proteolytic activity by the rumen protozoa is more difficult. It is impossible to get a preparation of protozoa completely free from external bacteria, particularly when using the viscous rumen liquor associated with a high protein diet. In addition, many protozoa have bacteria within them, fixed to plant particles or free. However, provided the bacteria present in the preparations used to make both washed suspensions and cell-free extracts of rumen protozoa were not very much more active in proteolysis than the generality of rumen bacteria, the protozoa must have been responsible for part of the activity. This is probablj best indicated by the experiment where simple freezing and thawing released qs considerable amount of active protease from a suspension of rumen protozoa contaminated with a few bacteria, but very little from a similar suspension rich in rumen bacteria only. Proteolysis and ammonia production by the protozoa were less sensitive to inhibition by toluene than thl? same reactions by the bacteria. Ammonia production in particular appeared to occur by different mechanisms in the bacteria and the protozoa, and it is suggested that much of the continuing ammonia production in the rumen in the absence of readily attacked protein might be due to the endogenous metabolism of rumen protozoa; ammonia is known to be the major end product of nitrogen metabolism in some freeliving ciliate protozoa (Kidder & Dewey, 1951) . El-Shazly (1952b) found that the capacity of rumen bacteria to deaminate amino acids depended on the prcsence in the diet of the host animal of a readily attacked protein. This does not appear to be the case for the power to cause proteolysis, except perhaps in so far as a high protein diet will usually support a more numerous microbial population. Washed suspensions of rumen bacteria, when used a t similar concent rations, caused proteolysis at similar rates whether the diet of the animal from which they came contained hay alone or ample amounts of either readilj. soluble or insoluble protein. In the artificial rumen with whole rumen liquor somewhat more difference was noted, but the proteolytic activity of rumen liquor from a hay-fed sheep was much more like that from a groundnut meal-fcd sheep than was the case of deaminative activity as found by el-Shazly (19523) and shown in the present experiments by the much lower proportion of ammonia in the products of digestion of casein by the rumen micro-organisms of the hay-fed sheep.
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